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  Previously, a High Throughput Experiment (HTE) spectrophotometric method 
was developed by Dr. Zabula at University of Pennsylvania (UPenn) for fast 
screening of rare earth metal (REM)(III) unsaturated carboxylates as corrosion 
inhibitors on cold rolled steel immersed in 0.01 M NaCl electrolyte solutions.  
  This capstone project was conducted in the Solvent-Borne (SB) Undercoat 
Research and Development (R&D) department at Axalta Coating Systems 
Coatings Technology Center (200 Powder Mill Rd, Wilmington, Delaware 19803). 
The goal of this capstone project was to verify the performance of corrosion 
inhibitors measured by the HTE method, with electrochemical techniques that 
measure instantaneous corrosion rates of uncoated cold rolled steel panels under 
identical solution conditions. Potency of REM(III) carboxylates as corrosion 
inhibitors of uncoated cold rolled steel panels was verified by electrochemical 
measurements in Phase 1. In Phase 2 of this project, experimental procedure and 
setup was modified, thus reproducibility in corrosion rates the between 
instantaneous electrochemical method and the cumulative HTE 
spectrophotometric method was confirmed. Using the improved electrochemical 
setup, a prior hypothesis based on the HTE method was confirmed, wherein 
heteroleptic REM(III) carboxylates can be implemented rather than homoleptic 
carboxylates, to improve solution stability and to maintain potency of the corrosion 
inhibitor(s). 
  The electrochemical techniques and experimental procedures herein can be 
used to find the most compatible/potent REM(III) unsaturated carboxylates as the 
corrosion inhibitors on coated cold rolled steel within Axalta coatings. 
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Introduction 
  Corrosion prevention is important to maintain the intended mechanical and 
chemical properties of metallic materials. Several methods used to prevent 
corrosion in the industry include improving the properties of the substrate by 
alloying with different metal elements, painting coating layers as physical barriers 
from corroding species, and dissolving the corrosion inhibitors in aqueous 
media.1,2 At room temperature, atmospheric pressure and neutral pH, corrosion 
reactions on a cold rolled steel panel in aqueous phase are: anodic reaction A of 
dissolution of iron and cathodic reaction B of oxygen reduction.   
                                                        Fe  Fe2+ + 2e-                                          (A) 
                                                     O2+H2O+4e-  4OH-                                     (B) 
  Previously, among the most widely used industrial corrosion inhibitors in coating 
were chromate Cr(VI) compounds, notable for their excellent corrosion inhibition 
effects on both cathodic and anodic processes.3,4 Strontium chromate, SrCrO4, 
had been long known as an active corrosion inhibitor in coatings. Strontium 
chromate remains stable within the coating matrix without interfering chemically 
with matrix composition.  The rate of strontium chromates release from the coating 
matrix to passivate the surface defects is high.1,5 However, these Cr(VI) 
compounds had been found to be extremely toxic, carcinogenic and mutagenic.6 
Increasingly strict government regulations have forced the industry to reduce the 
use of chromate in coating and look for Cr(VI)-free alternatives. 
  Methods to determine corrosion rates of metal substrates immersed in corrosion 
inhibitor aqueous solutions include traditional gravimetric (weight loss) method. In 
the gravimetric method, a metal panel (either coated or uncoated with coatings) is 
weighed, cleaned by organic cleaner solutions, air dried and immersed in aqueous 
solution for an extensive period. At the end of immersion period, the metal panel 
would be retrieved from the solution, rinsed with hydrochloric acid (16 wt%) to 
remove corrosion products, cleaned with organic cleaner solutions, air dried and 
weighed. The cumulative mass difference of the metal panel before and after 
solution immersion, divided by the immersion time, gives average corrosion rate 
of the metal panel with corrosion protection provided by the corrosion inhibitor.5 
  Simple salts and complexes of rare earth metals (REM)(III), lanthanum (La) and 
cerium (Ce) in particular, have attracted considerable attention as potential Cr(VI) 
corrosion inhibitor alternatives. Selected REM(III) compounds are more 
environmentally friendly than chromate while exhibiting a similar level of corrosion 
inhibition under some conditions. One class of complexes that contain REM(III) as 
the metal center with an unsaturated carboxylate organic group as the anionic 
ligand, (e.g., tricinnamate) is shown in Figure 1a. These carboxylates typically 
have a benzene ring with functional groups, an unsaturated linker that has either 
C=C bond or C≡C bond, and a carboxylate group. The carboxylate group can bond 
to the REM center via monodentate and bidentate chemistry, and even bridging 
between two REM cation centers with the two oxygen atoms.7-10 The speciation of 
these carboxylate groups in aqueous solution phase includes individual 
carboxylate anions and one to three ligand(s) binding to REM center with hydroxyl 
group(s) around. 
AXALTA CONFIDENTIAL 
  
2 
 
                      
                                       a                                             b         
 
                       
    
 
                                           c                                      d 
 
                                                                  e 
 
Figure 1. The structure of cinnamate a, and speciation of unsaturated 
carboxylate in aqueous phase b – e.7 
 
  A corrosion inhibition mechanism for such REM(III) compounds on steel had been 
proposed by Professor Maria Forsyth and her colleague, Professor Bruce Hinton, 
at Deakin University in Australia.11-13 Surface analysis of the steel substrate 
includes X-ray Photoelectron Spectroscopy (XPS) for change of REM oxidation 
state before and after protective film formation. Raman Spectroscopy was used to 
determine the chemical composition of the surface protective film, with both 
REM(III) and carboxylate embedded within the protective film. The unsaturated 
carboxylate groups coordinate with Fe atoms to block the surface anodic sites, so 
that iron dissolution anodic reaction is inhibited, as shown below in Figure 2.14  
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Figure 2. Inhibition of anodic reaction on cold rolled steel substrate with the 
carboxylate group blocking the iron sites (based on previous studies).11-13 
 
 
Figure 3. Inhibition of cathodic reaction on cold rolled steel substrate by the 
formation of REM oxide/hydroxide layer (based on previous studies).11-13 
 
  When mixing REM(III) chloride and these organic unsaturated carboxylate 
groups together, synergy was noticed based on corrosion rate measurements. The 
corrosion inhibition efficiency of REM(III) carboxylate is better than either REM(III) 
chloride, or the carboxylate group individually in aqueous solution.14-17 This class 
of REM carboxylates have low solubility in aqueous solution, which facilitates the 
formation of the protective oxide/hydroxide layer on corrosion sites. Thus, the 
threshold amount of these REM carboxylates as pigments used in coatings can be 
potentially minimized.    
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  The Schelter group at University of Pennsylvania (UPenn) synthesized and 
characterized a library of cinnamate-based REM corrosion inhibitor compounds.18 
Three evaluated carboxylates in this project are shown in Figure 4.  
 
             
                          a                             b                                      c 
Figure 4. Structures of three organic anions in the expanded REM(III) 
cinnamate-based corrosion inhibitor family: coumarate (coum) a, 
phenylpropiolate (pp) b and ferulate (fer) c. 
 
  In addition, a spectrophotometric high-throughput experimental (HTE) method 
was developed by Dr. Alexander V. Zabula at UPenn to rapidly screen corrosion 
inhibitors. A design of experiment (DOE) containing 96 combinations of homoleptic 
and heteroleptic La(III)/Ce(III) carboxylate solutions was carried out using cold 
rolled steel panels.18 With similar immersion procedure as that in gravimetric 
(weight loss) method, the total amount of corrosion product (including products 
removed after acid clean step), Fe(II) cations are oxidized to Fe(III) via hydrogen 
peroxide. Fe(III) cations are then combined with thiocyanate (SCN-) anions to yield 
[Fe(SCN-)2]+, which has maximum light absorption intensity at 480 nm. Thus, 
concentration of dissolved Fe(III) cations in solution, total amount of Fe(III), the 
cumulative weight loss and average corrosion rate of the cold rolled steel panel 
can be obtained.18  
  A homoleptic solution is a solution that contains one anionic carboxylate group 
(3 equivalent) as the only ligand bound to one REM center (1 equivalent), as shown 
in Figure 1e. Whereas heteroleptic solutions contains 2 different anionic 
carboxylate ligands in molar ratios of 1:2 or 2:1 (a total of 3 equivalent) bound to 
one REM center (1 equivalent). The molar ratio of the REM(III) center and anionic 
carboxylate ligand(s) is always 1:3. The correlation coefficient R2 for corrosion 
rates between the traditional gravimetric (weight loss) test and the newly 
developed spectrophotometric HTE method was high, for cold rolled steel panels 
immersed in aqueous solutions with 100 ppm of REM(III) (a total of 420 – 500 ppm 
REM(III) carboxylates). Speciation of heteroleptic REM(III) carboxylate solutions 
has been analyzed by Mass Spectrometry and existence of heteroleptic ligands 
around one REM metal center, such as La(coum)2(pp), had been confirmed.18  
  The goal of this project was to verify the performance of corrosion inhibitors 
measured by the HTE spectrophotometric method by comparing the cumulative 
corrosion rates from HTE method with the instantaneous corrosion rates from 
electrochemical methods. Electrochemical techniques were used to determine 
instantaneous corrosion rates of uncoated cold rolled steel panels immersed in 
0.01 M NaCl electrolyte solutions with Ce(III)/La(III) cations and carboxylate anions 
shown in Figure 4. Electrochemical techniques used to determine corrosion rates 
of cold rolled steel were linear polarization resistance (LPR) and potentiodynamic 
polarization in the three-electrode electrochemical cell configuration.7,14   
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  There were two Phases for the experimental design in this project. In Phase 1, 
polished cold rolled steel panels with 1 cm2 exposed surface were immersed in 
electrolyte REM(III) carboxylate solution, using three-electrode electrochemical 
cell configuration. Electrochemical techniques were used to determine the 
corrosion rate of cold rolled steel exposed surface in the electrolyte solution. 
Procedures and experimental setup were adjusted from Phase 1 to Phase 2 to 
enlarge the cold rolled steel exposed surface area and further simulate the 
corroding environment of the cold rolled steel, as that in the HTE method. Details 
of experimental setup and procedures in Phase 1 and Phase 2 were listed in the 
following Materials and Methods section. 
 
Materials and Methods  
 
General Considerations 
  Carboxylic acids (of pp, coum and fer), triethylamine, ACS grade NaCl, strontium 
chromates SrCrO4, CeCl3 ∙7H2O and LaCl3 ∙7H2O were obtained from Sigma-
Aldrich and used directly without further purification. Zinc Aluminum Phosphate 
(ZPA) was acquired from Axalta pigment stock. All grades of Silicon Carbide 
polishing paper were purchased from Leco Corporation. Cold rolled steel panels 
(ACT Test Panels LLC, item 10288) were obtained in Axalta Coating Technology 
Center warehouse. Solution of FINAL KLEANTM 3901STM surface cleaner was 
formulated by Axalta Undercoat Department. 1 cm2 PortHoles™ sample masks, 
PTC1™ Paint electrochemical test cells, graphite counter electrodes, Saturated 
Calomel reference electrodes, O-ring seals, potentiostat attachment alligators, 
Teflon supporting bases, clamps and perforated rubber stoppers were all obtained 
from Gamry Instruments. Gamry Reference 600 potentiostat was used for all 
electrochemical measurements. 
 
Metal substrates and chemicals 
Phase 1  
  Cold rolled steel panels (ACT Test Panels LLC, item 10288) were cut into 4” x 4” 
pieces and polished by 320, 600, 800 and 1200 grit Silicon Carbide (SiC) paper. 
Axalta’s FINAL KLEANTM 3901STM surface cleaner was then used to clean the 
surface of cold rolled steel panels. Air exposure of the polished cold rolled steel 
surface was minimized. PortHoles™ sample masks from Gamry Instruments were 
used to expose a 1 cm2 circular area of the working electrode. 
 
Phase 2 
  Cold rolled steel panels were cut into 4” x 4” pieces, and then successively 
polished by 320, 600, 800 and 1200 grit Silicon Carbide (SiC) paper. Axalta’s 
FINAL KLEANTM 3901STM surface cleaner solution was then used to clean the 
surface of cold rolled steel panels. Air exposure of the polished cold rolled steel 
surface was minimized. The 1 cm2 sample mask was not used, and the exposed 
surface area of the working electrode was 14.6 cm2. 
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Solution preparation:  
Phase 1: dissolution of solid carboxylates 
  A 0.01 M NaCl (ACS grade) control solution was prepared with DI water. Cerium 
and lanthanum carboxylates with anionic ligands listed in Figure 4, were supplied 
by Dr. Zabula. Then, 100 ppm of homoleptic Ce(III) solution of each REM(III) 
organic compounds was prepared in 0.01 M NaCl solution by solid dissolution. 
Branson M1800 sonicator was used to facilitate the dissolution of solid particles. 
Heteroleptic solutions were prepared by mixing the individual homoleptic solutions 
using volume ratio of 3:0, 2:1, 1:2, 0:3. All the REM(III) carboxylate solution 
combinations were listed below in Table 1. concentration of Ce(III) in solutions 
were 0.72 mM, or 100 ppm. The control solution is 0.01 M NaCl solution. Due to 
low solubility in aqueous solution, Zinc Aluminum Phosphate (ZPA) and SrCrO4 
were saturated solution.  
 
Phase 2: in-situ preparation 
  Preparation of in-situ generated lanthanide carboxylate solutions, as provided by 
Dr. Zabula, was strictly followed.18 2.16 mM of carboxylic acid (3 equivalent, 
Sigma-Aldrich, 99% purity) was added to the 0.01 M NaCl solution, followed by 
addition of 2.16 mM of triethylamine (3 equivalent). 
Homoleptic solutions were prepared using LnCl3∙7H2O (1 equivalent) was directly 
added. For heteroleptic solutions, the carboxylate solutions (already with addition 
of triethylamine) were mixed first, then LnCl3∙7H2O (1 equivalent) was added. All 
solution combinations were listed in Table 1, tests were conducted in triplicates for 
reproducibility. concentration of Ce(III) in solutions were 0.72 mM, or 100 ppm.  
 
Table 1. Experimental conditions: Homoleptic and heteroleptic solution 
combinations of 100 ppm REM(III) organic compounds used in 
Electrochemical corrosion rate measurements  
 
Lanthanum  
(Ratio by Volume) 
Cerium  
(Ratio by Volume) 
La(coum)3 : La(pp)3 
3:0 
Ce(coum)3 : Ce(pp)3 
3:0 
2:1 2:1 
1:2 1:2 
0:3 0:3 
La(coum)3 : La(pp)3 
2:1 
Ce(coum)3 : Ce(fer)3 
2:1 
1:2 1:2 
0:3 0:3 
La(pp)3 : La(fer)3 
2:1 
Ce(pp)3 : Ce(fer)3 
2:1 
1:2 1:2 
 
Electrochemical measurements 
Phase 1 
  Electrochemical measurements were performed using a three-electrode paint 
test cell (PTC1™ Paint Test Cell from Gamry at room temperature. An O-ring seal 
on the PTC1 body permitted leak-free clamping of the cold rolled steel working 
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electrode to a Teflon support base. 45 mL of test solution was poured into the test 
cell and air bubbles (if any) in the test solution were eliminated with gentle agitation. 
A graphite rod was used as the counter electrode and a saturated calomel 
electrode (+0.241 V versus standard hydrogen electrode) was used as the 
reference electrode. Both working and counter electrodes were mounted by a 
perforated rubber stopper on top of the test cell and positioned vertically. All 
electrochemical measurements were carried out with a Gamry Reference 600 
potentiostat. A grounded Faraday cage was used to prevent electrical interference 
from external electromagnetic sources. The open circuit potential (OCP), corrosion 
current density (ICorr), and corrosion rate (mils per year, mpy) results were analyzed 
using Gamry’s Echem Analyst software. Potentiodynamic polarization 
measurements were carried out after 24 hours of immersion. The complete set-up 
for the 3-electrode electrochemical cell, along with the cold rolled steel panel, is 
shown below in Figure 5. 
  
 
 
Figure 5. The set-up of 3-electrode electrochemical cell, after connected to 
potentiostat and placed inside the Faraday Cage. 
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  Open circuit potential (OCP, or EOC) is the potential between the cold rolled steel 
and the electrolyte solution, without any external applied potential.7 OCP shows 
whether the corrosion inhibitor exerts anodic (more positive OCP), cathodic (more 
negative OCP), or mixed inhibiting effect on the cold rolled steel panel, but OCP 
will not provide information of corrosion rates of metal substrates. As reported 
previously, REM(III) with carboxylate ligands listed in Figure 4 predominantly show 
anodic OCP shifting, in which OCP of cold rolled steel panels were raised to less 
negative voltage.6 Prior to linear polarization resistance (LPR) and 
potentiodynamic polarization measurements, 24 hours of continuous OCP 
monitoring was needed to observe the effect on OCP of the working electrode over 
time.  
  In LPR measurement, a ±10 mV versus EOC voltage perturbation is applied to the 
exposed area of the cold rolled steel working electrode. A linear current response 
across the corrosion potential, is measured and the polarization resistance, Rp, of 
the cold rolled steel working electrode would be obtained, which is shown below in 
Equation 1.  
 
                                                Rp=
Applied polarization voltage
linear current response
=
∆𝑉
∆𝐼
                                       (1) 
 
  The higher the Rp, the slower the corrosion rate and more effective the corrosion 
inhibitor is.5 LPR has a typical scan rate in the order of 0.1 mV/sec and shown 
good agreement with weight loss measurement in terms of trend of anti-corrosion 
by REM(III) corrosion inhibitors.6 LPR measurements could be done in triplicate 
consecutively because ±10 mV versus ECorr is considered a small perturbation to 
the working electrode exposed surface and non-destructive, so that the exposed 
surface of cold rolled steel remains relatively unchanged. A 5 to 15 minute-interval 
is enough for the OCP to equilibrate back to stable or quasi-stable values. 
  The corrosion current density, Icorr, can be deducted from Rp by Stern-Geary 
Equation 2, as described in ASTM standard G59-97: 
 
                                                     𝐼𝑐𝑜𝑟𝑟(𝜇𝐴/𝑐𝑚
2) = 106
𝐵
𝑅𝑝
                                      (2) 
 
Where B is the Stern-Geary coefficient and could be determined by Equation 3: 
 
                                                          𝐵 =
𝛽𝑎𝛽𝑐
2.303(𝛽𝑎+𝛽𝑐)
                                              (3) 
 
Where 𝛽𝑎 and 𝛽𝑐 are anodic and cathodic Tafel constants of the cold rolled steel 
substrates and has unit of V/decade in the semi-log potentiodynamic polarization 
curve. For steel, values for 𝛽𝑎 and 𝛽𝑐 are 0.12 V/decade, as per the data acquisition 
software, Gamry Framework.  Incorporating Equation 2 and Equation 3 gives 
Equation 4: 
                                                       𝐼𝑐𝑜𝑟𝑟 =
1
𝑅𝑝
𝛽𝑎𝛽𝑐
2.303(𝛽𝑎+𝛽𝑐)
                                               (4) 
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  Potentiodynamic polarization measurement was set with partial anodic scanning 
voltage range of -50 to +250 mV versus EOC and scan rate of 1 mV/sec. 
Potentiodynamic polarization should be done just once because the ±250 mV 
versus EOC perturbation is destructive and would completely change the exposed 
surface of the working electrode. Any following electrochemical measurements 
should be considered invalid. Therefore, triplicates of different samples of each 
solution combination were needed to indicate repeatability and reproducibility of 
the electrochemical results. 
  E Log I Fit method embedded in Gamry Echem Analyst software was used to 
strictly select a 5 mV linear region within ± 20 mV versus EOC in each 
potentiodynamic polarization curve. One linear curve would be generated from 
both cathodic and anodic sides, respectively, which then would intersect at EOC (y-
axis), and yield the corrosion current density Icorr (x-axis). The corrosion current 
density is directly proportional to the penetration corrosion rate by Equation 5 and 
Equation 6: 
 
                                  𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (
𝑚𝑚
𝑦𝑒𝑎𝑟
) = 3.27 ×  10−3
𝐼𝑐𝑜𝑟𝑟∙𝐸𝑊
𝜌
                      (5) 
 
        𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (
𝑚𝑖𝑙𝑠
𝑦𝑒𝑎𝑟
) = 3.27 ×  10−3 × 39.37 
𝐼𝑐𝑜𝑟𝑟∙𝐸𝑊
𝜌
= 0.129 ×
𝐼𝑐𝑜𝑟𝑟∙𝐸𝑊
𝜌
    (6) 
 
Note that Icorr has unit of 𝜇A/cm2. For steel substrates, equivalent weight (EW) = 
27.92 gram and density = 7.87 g/cm3. Finally, the corrosion inhibition efficiency of 
corrosion inhibitor in each solution combinations in 0.01 M NaCl solution were 
calculated by Equation 7, where the control solution is 0.01 M NaCl solution only.5 
 
                        𝜂 =
𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)−𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒(𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟)
𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒(𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100%                (7) 
 
Phase 2: Linear Polarization Resistance 
  Electrolyte solutions contained within electrochemical test cells were directly 
exposed to atmosphere with no stopper to allow sufficient oxygen flow. No sample 
mask was used, the exposed surface area of cold rolled steel panel to the 
electrolyte solution was 14.6 cm2. To match the exact same ratio of solution volume 
to metal panel exposed surface area as that in the HTE method (which is 2.42 
mL/cm2), 35 mL of electrolyte solution was needed inside the test cell.18 In case of 
significant solvent evaporation, DI water was refilled readily to maintain the volume 
of 35 mL in the test cell. Each solution combination listed in Table 1 had 3 different 
cold rolled steel samples, as triplicates. The experimental setup for 3-electrode 
electrochemical cell in Phase 2 is shown below in Figure 6. 
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Figure 6. Experimental setup of three electrode-electrochemical cell for Phase 2. 
 
  A concise summary of experimental setup differences between Phase 1 and 
Phase 2 is shown in Table 2. 
 
Table 2. Subtle adjustments in experimental setup between Phase 1 and 
Phase 2 
Phase Phase 1 Phase 2 
Solution preparation method solid dissolution in-situ 
With stopper (when no tests) Yes No 
Volume of electrolyte solution 45 mL  35 mL  
Exposed cold rolled steel area 1 cm
2 
exposed CRS 
area 
14.6 cm
2 
exposed CRS 
area 
Ratio of  
solution volume
CRS exposed surface area
 
45 mL/cm
2
 2.42 mL/cm
2
 
Total hours of immersion 24  96  
Techniques for corrosion rate 
Potentiodynamic 
polarization 
after 24 hours  
Linear polarization 
resistance 
after 24, 48, 72, 96 
hours 
 
Results and Discussion 
 
Phase 1 
Potentiodynamic Polarization Curves and Results 
  The same trend in corrosion rates was observed in cerium and lanthanum 
combinations. Solution combinations without fer, whether homoleptic or 
heteroleptic, exhibited corrosion inhibition efficiency higher than 99%. 
Combinations including fer showed corrosion inhibition efficiency around 90 – 
95%, as shown in Table 3. Lower corrosion rate of cold rolled steel in solution with 
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a corrosion inhibitor, indicated that this corrosion inhibitor has higher corrosion 
inhibition efficiency. Note that triplicate data of different samples (with standard 
deviation) are reported here to indicate reliability and repeatability of 
electrochemical results. It was confirmed by data presented in Table 3, that if the 
OCP of the system could persist at most noble voltage range of -100 to -150 mV 
versus SCE, the corrosion inhibition efficiency could be higher than 99%. When 
the OCP of cold rolled steel (immersed in REM(III) carboxylate solutions) declined 
to -200 to -400 mV versus SCE, its corrosion rate increased by an order of 
magnitude and corrosion inhibition efficiency dropped to 90% – 96%. Therefore, 
at nobler anodic voltage, REM organic complexes in aqueous solution can exert 
their optimal corrosion prevention ability. The values of corrosion inhibition 
efficiency highlighted in red indicates the data discrepancy between the HTE 
method and the electrochemical method. Ce pp had 34.8% efficiency in the HTE 
spectrophotometric method with 99.8% efficiency in the electrochemical method. 
 
Table 3. Corrosion potential (ECorr), corrosion current density (Icorr), 
corrosion rate (mils per year, mpy) from potentiodynamic polarization 
measurements for uncoated cold rolled steel panels after 24 hours of 
immersion in cerium/lanthanum carboxylate(s) solutions. 
Solution 
 
 
 
 
OCP 
(mV versus 
SCE) 
Corrosion 
Rate (mpy) 
Corrosion Inhibition Efficiency  
Electro- 
chemistry 
After 24 Hours 
(%) 
HTE 
After 96 
Hours 
(%) 
Ce pp -90(±10) 6(±1) x 10-3 99.8 34.8 
Ce coum -123(±5) 4(±1) x 10-3 99.6 89.6 
Ce pp:coum 2:1 -107(±5) 3.0(±0.2) x 10-3 99.7 92.4 
Ce pp:coum 1:2 -140(±50) 4(±2) x 10-3 99.7 94.0 
Ce fer -300(±60) 11(±2) x 10-3 91.0 92.8 
Ce fer:pp 2:1 -374(±6) 137(±9) x 10-3 88.6 88.4 
Ce fer:pp 1:2 -260(±20) 67(±1) x 10-3 94.4 51.6 
Ce fer:coum 2:1 -270(±20) 70(±10) x 10-3 93.9 92.8 
Ce fer:coum 1:2 -98(±4) 9(±5) x 10-3 99.2 93.2 
Control  -714(±7) 1.2(±0.1) - - 
ZPA -720(±10) 500(±100) x 10-3 54.9 - 
SrCrO4 450(±20) 40(±10) x 10-3 96.3 - 
La pp -89(±2) 5(±1) x 10-3 99.6 52.8 
La coum -120(±20) 9(±4).x 10-3 99.3 90.8 
La pp : coum 2:1 -115(±8) 2.6(±0.3) x 10-3 99.8 92.8 
La pp : coum 1:2 -125(±9) 6(±1) x 10-3 99.5 93.6 
La fer -290(±20) 305(±8) x 10-3 74.6 94.0 
La fer:pp 2:1 -190(±30) 250(±70) x 10-3 79.0 91.2 
La fer:pp 1:2 -176(±7) 172(±6) x 10-3 85.7 92.0 
La fer:coum 2:1 -210(±30) 190(±30) x 10-3 84.4 92.8 
La fer:coum 1:2 190(±20) 60(±10) x 10-3 95.2 94.8 
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  Discrepancy of data between HTE method and electrochemical method had been 
observed and highlighted in Table 3. In the HTE data summarized by Dr. Zabula, 
the order of the corrosion inhibition efficiency among homoleptic solutions for Ce 
and La, from strongest to weakest, was: fer (92.8%) > coum (89.6%) >> pp 
(34.8%). While in electrochemistry results, the trend of Ce was different: pp 
(99.8%) ≈  coum (99.6%) > fer (91.0%). However, the overall performance of 
corrosion inhibition of all REM(III) carboxylates (whether homoleptic or 
heteroleptic) were above 75% in electrochemistry results, showing strong potency 
as corrosion inhibitors.  
 
Open Circuit Potential  
  OCP doesn’t provide information about corrosion rates of metal substrates in the 
system. OCP only indicates the voltage of the surface of exposed cold rolled steel 
panel. Use of REM(III) carboxylates in solution predominantly shifted the OCP of 
the cold rolled steel exposed surface from -700 mV versus SCE (no corrosion 
inhibitor) to more anodic voltage (-200 to -300 mV versus SCE). For such corrosion 
inhibitors, generally less negative (more anodic) OCP indicates stronger corrosion 
protection. As OCP get more negative and closer to the OCP of the control group, 
less corrosion protection is provided. As listed in Table 3, generally the less 
negative the OCP of the cold rolled steel panels, the lower the corrosion rate and 
the higher the corrosion inhibition efficiency. Thus, this correlation between OCP 
and corrosion rates was confirmed, as well as by previous literature.19 
 
Cumulative versus Instantaneous Corrosion Rates: 6 Possible Factors 
  There were differences in experimental setup between the HTE 
spectrophotometrical method and the electrochemical method, which are shown 
below in Figure 7. 
 
 
a                                               b 
Figure 7.    Experimental setup differences between HTE spectrophotometric 
experiment a and electrochemical experiment b. 
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  From Table 3, the three red highlighted entries of corrosion inhibition efficiency 
indicated the data discrepancy among these solution combinations between the 
HTE method and the electrochemical method. In the electrochemical results, the 
entries of pp, coum, pp:coum 2:1 and pp:coum 1:2 for both Ce and La have 
corrosion inhibition efficiency higher than 99.0%, which is indistinguishable. A few 
factors were identified as potential sources of differences: 
1) Edge effect. In HTE method, four edges of the cold rolled steel coupons 
were polished and exposed to the aqueous solution. In the electrochemical 
method, one side of the cold rolled steel panel with an area of 1 cm2 was 
exposed to the solution. Presence of edges in corrosive liquid environment 
is expected to bring in more complexity in terms of fluid dynamic.  
2) Different solution preparation procedure. In HTE method, all REM 
organic solutions were prepared in-situ with presence of triethylamine. 
Triethylamine itself was considered corrosion inhibitor for steel. 
3) Air (O2) availability: In Figure 7(b), there was a stopper to restrict the free 
air flow into the solution. In Figure 7(a), no stopper was presented. Distance 
between exposed cold rolled steel surface to the interface of 
solution/atmosphere, were different in 2 methods. 
4) Different ratio of (solution volume) / (Cold rolled steel surface area): 
HTE method has a solution volume of 15 mL and cold rolled steel has a 
surface area of 6.21 cm2, with a ratio of 2.42 mL/cm2. In the electrochemistry 
set-up, 1 cm2 area was exposed to a total of 45 mL of electrolyte solution, 
with a ratio of 45 mL/cm2. Different amounts of REM(III) carboxylates were 
mitigating corrosion of cold rolled steel panels in these 2 methods. 
5) Intrinsic difference between cumulative and instantaneous 
measurement: Cumulative weight loss measurement considers the total 
area under the curve of corrosion rate versus time, while instantaneous LPR 
determines the instant corrosion rate at one point of the curve of corrosion 
rate versus time during the measurements. After 24
 
hours, the difference in 
instantaneous corrosion rates between replicates may be larger than the 
difference in the cumulative weight loss measurement. Thus, larger values 
of 95% confidence interval in the instantaneous electrochemical method 
was expected.  
  Efficiency of REM carboxylates as corrosion inhibitors on unprotected cold rolled 
steel panels had been validated using electrochemistry. However, reproducibility 
between the HTE and the electrochemical method needed further verification with 
a newly adjusted experimental design to closely simulate the experimental 
conditions as that of the HTE method.  
 
Phase 2 
Linear Polarization Resistance Results 
  The efficiency of certain REM(III) carboxylates, either in homoleptic or 
heteroleptic solutions had been confirmed again in Phase 2. The higher the 
corrosion rate, the less corrosion inhibition efficiency the corrosion inhibitor has, 
and the less effective corrosion protection that the corrosion inhibitor could provide 
to the cold rolled steel panels. Both Ce and La pp homoleptic solutions exhibited 
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the least corrosion inhibition for cold rolled steel, with even larger instantaneous 
corrosion rates than cold rolled steel immersed in the control group. However, 
when mixed with fer or coum solution (in ratios of pp:fer 2:1, or pp:coum 2:1), the 
corrosion rates of cold rolled steel dropped significantly for the first 24 hours of 
solution immersion. These heteroleptic solution (REM(III) carboxylate 420 – 500 
ppm) exhibited comparable low corrosion rates as that of cold rolled steel 
immersed in: sodium dichromate Na2Cr2O7 (756 ppm, 2.88 mM Cr(VI)) solution or 
saturated strontium chromate SrCrO4 solution, as shown in Figure 8. The 
difference between corrosion rates of cold rolled steel immersed in coum/fer 
homoleptic solutions, and heteroleptic pp:fer or pp:coum solutions, was within 
experimental error. Cold rolled steel immersed in heteroleptic coum:fer solution, 
both of Ce and La, had similar corrosion rates than when immersed in homoleptic 
coum/fer solutions.  
 
 
Figure 8. Corrosion rates of cold rolled steel panels determined by linear 
polarization resistance after 24 hours of immersion, with 95% confidence interval. 
 
  Solutions of cerium coum and lanthanum coum experienced stability issues and 
showed small amount of precipitation starting from 24 hours after solution 
preparation. The amount of precipitation increased gradually from 24 hours to 48 
hours. Lanthanum coum solution was less stable than cerium coumarate solutions, 
and generated more precipitation. The solution stability issues did not appear in 
fer solutions in Phase 2. 
  Since the coum compounds had the tendency to precipitate out of homoleptic 
solutions, the effective concentration of REM(III) coum corrosion inhibitor 
decreased in solution, hence the increase in corrosion rate of cold rolled steel was 
expected, as indicated in Figure 9. As highlighted with red asterisks above the 
corrosion rate column, all triplicates of cold rolled steel immersed in the less stable 
lanthanum coum homoleptic solutions had the instantaneous corrosion rate 
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increase from 0.38(±0.04) to 2.3(±0.8) mils per year (mpy) after 48 hours of 
immersion, as determined by the LPR technique.  
 
 
 
Figure 9. Corrosion rates of cold rolled steel panels determined by linear 
polarization resistance after 48 hours of immersion, with 95% confidence interval. 
 
  The open circuit potential of these cold rolled steel panels, highlighted by red 
asterisks, dropped from -250 mV versus SCE to -650 mV versus SCE. Such 
significant OCP drop, as determined in Phase 1, indicated the loss of efficient 
corrosion protection of the CRS panels. The number of red asterisks above the 
data column indicated the number of replicates (within one set of triplicates) of 
each solution combinations, that had gone through significant OCP drop. Such 
replicate was categorized as failed in Phase 2, because corrosion inhibitor species 
within this sample could not provide consistent corrosion inhibition to the cold rolled 
steel panel.  
  When one or two samples failed in one set of triplicates of cold rolled steel 
immersed in one solution combination, the failed sample(s) was excluded from the 
calculation of average corrosion rate and the 95% confidence interval. When all 
three samples of triplicates experienced significant OCP drop to more negative 
than around -550 mV versus SCE, the average corrosion rate with 95% confidence 
interval were calculated using all triplicates, because the failure to provide efficient 
corrosion inhibition to CRS panels was uniform within the triplicates. There were 8 
failures within the 54 REM(III) carboxylate replicates (18 solution combinations, 
each with one set of triplicates) in Phase 2, and 7 of these 8 failed samples 
contained coum ligand in the solution. This illustrated that the solution stability 
issue of coum would lower the corrosion inhibition efficiency of the REM(III) 
carboxylate solution to the cold rolled steel panels. 
  From 48 hours of immersion to 72 hours, the number of failed samples (marked 
with red asterisks above the column), increased to 12 as indicated in Figure 10, 
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which included pp:fer 2:1 heteroleptic combinations. The number of failures (with 
red asterisks highlighted) further increased to 19 after 96 hours of immersion, as 
shown in Figure 11. Lanthanum pp:coum 2:1 combination and lanthanum 
coum:fer 1:2 combination both had significant OCP drop in the entire set of 
triplicates. 
 
 
 
Figure 10. Corrosion rates of cold rolled steel panels determined by linear 
polarization resistance at 72th hour of immersion, with 95% confidence interval. 
 
 
Figure11. Corrosion rates of cold rolled steel panels determined by linear 
polarization resistance at 96th hour of immersion, with 95% confidence interval. 
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  There were several reasons for the OCP drop. First, REM(III) carboxylate solution 
concentration was restricted by low solubility with 400 - 500 ppm of REM(III) 
carboxylate compound in 0.01 M NaCl solution. Second, solution stability of coum 
solutions was low and significant precipitation occurred after 24 hours of 
immersion, which lower the effective concentration of REM(III) carboxylate further. 
Third, after 48 hours of immersion, the amount of corrosion inhibitor in solution 
may had been depleted due to the susceptible tendency of cold rolled steel 
towards corrosion, with the large 14.6 cm2 exposed surface.   
  Figure 12 provides a summary showing which combinations of REM(III) 
carboxylates are potent corrosion inhibitors, and that the corrosion rate of cold 
rolled steel immersed in each solution combination was stable from 24 to 96 hours 
of immersion, except 3 solution combinations (highlighted with red asterisks, out 
of 18 solution combinations) experienced corrosion protection loss. The protective 
surface formed before 24 hours generally had enough resistance to corrosion in 
aqueous solution from 24 to 96 hours of immersion. Furthermore, good 
reproducibility between the cumulative HTE method and instantaneous 
electrochemical method was proved when comparing LPR data to HTE data. The 
general trend of corrosion rates (for example, the four solution combinations within 
the cerium pp:coum group from Figure 8 to Figure 11) were very similar.18 
 
 
Figure 12. Corrosion rates of cold rolled steel panels determined by linear 
polarization resistance after 24, 48, 72, 96 hours of immersion, with 95% 
confidence interval. 
 
  Solution stability caused by low solubility of some REM(III) carboxylate in 
aqueous solution, can be enhanced by generating heteroleptic solutions using one 
more soluble carboxylate and one less soluble carboxylate together, as indicated 
by the corrosion rates of the solution combinations highlighted in red circle in 
Figure 13. Therefore, a strategy to enhance solution stability is clearly 
demonstrated here. For example, by mixing the more soluble Ce(III) pp (less 
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efficient, 1000 ppm solubility limit of Ce(III) ions), with the less soluble Ce(III) coum 
(more efficient, with 100 ppm solubility limit of Ce(III) ions), one could acquire the 
desired corrosion inhibition efficiency, and exclude the solution stability issue from 
the homoleptic less soluble REM(III) coum solutions. Only 1/3 volume ratio of the 
more efficient corrosion inhibitor REM(III) carboxylate is needed. This strategy was 
also proven and claimed by Dr. Zabula using HTE spectrophotometric method.18 
 
 
Figure 13. Solution stability enhancement strategy as illustrated by circled 
solution combinations. 
 
  Summary and Future Work  
  In Phase 1 of the project, potency of rare earth metal cations (cerium and 
lanthanum) with carboxylate anionic groups, as corrosion inhibitors in aqueous 
solution, had been tested and validated using potentiodynamic polarization 
technique. The corrosion inhibition efficiency of these REM(III) carboxylates were 
within the range of 75.0% – 99.8%, inside the given three-electrode 
electrochemical cell configuration.  
  In Phase 2 of the project, adjustments were made to more closely simulate the 
corrosion environment of UPenn’s HTE method. For electrochemical corrosion 
rate data obtained after 24 hours of immersion, the same trend existed as that from 
HTE spectrophotometric method. Thus, two different methodologies, one 
instantaneous (electrochemistry) and one cumulative (HTE), have good 
reproducibility. Another confirmation of the finding in HTE experiments was that, 
when mixing the less soluble REM(III) carboxylate and the more soluble REM(III) 
carboxylate, the heteroleptic solution could provide similar extent of corrosion 
protection to the exposed surface of cold rolled steel, as that by the less soluble, 
more efficient homoleptic solution (coumarate or ferulate). Thus, solution solubility 
and stability issues could be mitigated.  
  For the future study, cheaper acids (benzoate and acetate) in heteroleptic 
solution combinations could be electrochemically tested using Phase 2 
experimental setup to further confirm the validity of the solution stability strategy. 
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Instantaneous corrosion rates of cold rolled steel panels with REM(III) carboxylate 
embedded in Axalta coating could be determined by linear polarization resistance 
and potentiodynamic polarization techniques. Reproducibility between 
electrochemical method and scribe creep test at Axalta could be verified.  
Efficiency of each REM(III) carboxylate inside Axalta coating matrix could be 
compared to find out the most efficient waterborne corrosion inhibitor 
combinations. 
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